ABSTRACT Physical proximity between each pair of genomic loci in a nucleus is measured as a form of contact frequency in chromosome conformation capture-based methods. Complexity of chromosome structure in interphase can be characterized by measuring a statistical property of physical distance between genomic loci according to genomic separation along single chromatids. To find a relationship between the physical distance and the contact frequency, we propose a polymer model derived from the Langevin equation. The model is derived by considering a structure of a chromosome as a trajectory of a particle, where each consecutive segment in the chromosome corresponds to a transient position in the trajectory over time. Using chromosome conformation capture data, we demonstrate the functional relationship between the two quantities. The physical distances derived from the mean contact frequencies by the model show a good correlation with those from experimental data. From the model, we present that the mean contact frequency curve can be divided into three components that arise from different physical origins and show that the contact frequency is proportional to the contact surface area, not to the volume of segments suggested by the fractal globule model. The model explains both a decaying pattern of the contact frequency and the biphasic relationship between the physical distance and the genomic length.
INTRODUCTION
Genomic organization is closely related to functional processes occurring in the nucleus (1) (2) (3) (4) (5) (6) . Chromatin structures have been studied by various experimental techniques such as light microscopy, electron microscopy, cryo-electron microscopy, x-ray scattering, and x-ray crystallography (7) (8) (9) (10) . Although these techniques are useful in unraveling molecular structure of chromatin or overall shape of nucleus, they are not applicable to solve the three-dimensional structure of genome or long-range interaction between pairs of genomic loci on a genomewide scale. To investigate the complex, genomewide chromosomal structure, various techniques based on the chromosome conformation capture (3C) method have been developed (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . These 3C-based techniques have been applied to examine long-range interactions between genomic loci in many organisms (11) (12) (13) (14) . However, the resulting experimental data contain not only signals but also various systematic errors and noise. To extract information despite these error sources, various statistical approaches and theoretical models have been developed (14) (15) (16) 22) .
Characteristics of chromosome conformation have been described by two quantities: the contact frequency and the physical distance between genomic loci. Both quantities can be measured by experimental methods; 3C-based experiments have been performed to measure the contact frequencies (16) , and fluorescent in situ hybridization (FISH) experiments have been performed to measure the physical distance (14, 23) . The functional dependence of the quantities on genomic length has been used to build various polymer models. Hahnfeldt et al. (24) suggested a random-walk model under a hard spherical boundary. Mirny (25) proposed the fractal globule model to explain the functional dependence of the two quantities on the genomic distance. The random loop model was suggested to explain an asymptotic behavior of the physical distance on a large genomic separation (23) . The random-walk/giant loop model was suggested based on the biphasic relationship between the mean-square end-to-end distance and genomic length, where the biphasic relationship means that the physical distance increases like the random-walk model in the region of a short genomic length and it follows the fractal globule model in the region of a large genomic length (26) . The multiloop subcompartment (MLS) model proposed that several consecutive loops form a subcompartment, which is a structural chromosomal unit (27) . Various computer simulations have been performed to unravel the detailed structure of chromosomes in interphase by integrating all experimental observations based on the polymer models (12, 14, 15, 28) .
Several methods of interpreting 3C-based data have adopted a segment-based approach (12) (13) (14) (15) . In this approach, a target genome is divided into many labeled segments with a certain size, where each segment covers a specific continuous genomic region. Contact frequencies between the segments are determined by analyzing experimental data. This segment-based approach reduces computational requirements and experimental errors (22) . Additionally, proper normalization of contact frequencies is necessary to reduce various systematic errors and signal noise (29, 30) . For further analysis, the contact frequencies must be converted into physical distances between the segments. Dekker et al. (16) assumed that the contact frequency is proportional to the local chromosome concentration around a target genomic locus. Duan et al. (12) used a mean contact frequency curve as a standard curve to convert contact frequencies into physical distances. Tanizawa et al. (14) directly measured physical distances between several genomic regions using FISH experiments and created a standard curve based on their experimental results to translate overall contact frequencies. Although it is clear that the contact frequency is inversely proportional to the physical distance, the exact functional relationship remains unknown.
It is obvious that a reasonable interpretation of the contact frequencies obtained from 3C-based experiments is the first step toward constructing the three-dimensional structure of a genome inside a nucleus. Here, we suggest what we believe to be a new approach to understand the physical origin of contact frequencies by establishing a relationship between the genomic length of a segment and its total number of contacts with surrounding genomic parts. We also demonstrate a method for converting the obtained relationship into the contact frequencies, even for the case in which the genomic segments have different genomic lengths each other. From the model, we explain the relationship between the physical distance and the contact frequency. Finally, we suggest possible mechanisms that may dictate the contact frequencies and discuss their physical meaning.
THEORY AND METHODS
For polymer models, a chromosome in a nucleus is considered to be composed of consecutive spheres linked by a string in which each sphere corresponds to a genomic segment in the chromosome (25) . To understand the properties of a chromosome structure, we develop a model by considering the consecutive spheres as the trajectory of a single sphere obtained by tracing the position of the sphere inside a nucleus as displayed in Fig. 1 A. The motion of the sphere is assumed to follow the Brownian motion, wherein a particle moves randomly in a fluid as a result of collisions with other molecules. The stochastic nature of genomic locations indicates that individual genomic loci have different local conformations and variable spatial positions from cell to cell (21, (31) (32) (33) (34) .
Segment activity
Each genomic segment in a chromosome is surrounded by other chromosomes or other portions of the chromosome. We define segment activity as the number of contacts between a segment and its surroundings measured by 3C-based experiments. Generally, a larger segment has a larger segment activity. Let us consider a large segment formed by a combination of n consecutive unit segments. We assume that the segment activity of the large segment, F(n), is proportional to the mean-square end-to-end distance as
where r(n) and R(n) denote the end-to-end distance vector and the physical distance between the unit segments at both ends, respectively; the angle brackets denote an ensemble average over all genomic fragments in many cells; and k 1 is a proportional constant that depends on various factors such as the efficiency of the restriction enzyme, the number of paired sequences, the distribution of restriction sites, surface conformation, and other details of the experimental method. This assumption can be rationalized because the segment activity is proportional to the surface area of a segment.
Mean-square end-to-end distance Brownian motion can be described by the Langevin equation: a particle is decelerated by a frictional force in the direction opposite to its travel and is accelerated by a random force with a random direction (35) . Similar to the Langevin equation, we assume that the position of a sphere in a chromosome adheres to the differential equation as The contact frequency and the segment activity are composed of three components: normal, constriction, and chain-persistence components (denoted as normal, const, and chain, respectively). In contrast to the segment activity, which is mainly determined by the normal component, the contact frequency depends on the three components. For the contact frequency, the normal component contributes dominantly between the closely located segments with a large segment size, the chain-persistence component is dominant between the closely located segments with a small segment size, and the constriction component is dominant between the segments, which are separated. To see this figure in color, go online.
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Physical Origin of the Contact Frequencywhere x and r(n) denote a frictional constant and the position of the nth sphere relative to its initial position, respectively. The second derivative of the position along the direction of the chain is proportional to the first derivative with a negative slope and to an external force, f(n), on the sphere. By multiplying each side of Eq. 2 by r(n) and by applying our knowledge of basic differential equations, we obtain
By taking a statistical average, Eq. 3 becomes
where b denotes the average distance between nearest-neighbor spheres. From the definition of r(n), there are two boundary conditions: the meansquare end-to-end distance and its first derivative are equal to zero at the initial position (35) . By applying the two boundary conditions and an additional assumption that the external force is randomly exerted, a solution to Eq. 4 can be obtained:
By comparing this result with the wormlike chain model, we find that the frictional constant is inversely proportional to the persistence length P as x ¼ b/P, which coincides with the meaning of persistence length (36) . In the interphase nucleus, the end-to-end distance between spheres is reduced because chromosomes are compartmentalized and form chromosome territories (2, 37) . We include the effect of compartmentalization in the Langevin equation by introducing a first-order correction term of the external force function as hrðnÞ , fðnÞi ¼ Àan:
This equation indicates that a sphere experiences a large opposite force with a magnitude proportional to the contour length of the trajectory from the initial position. To fit the experimental data, it was sufficient to include only the first correction term. By applying Eq. 6 and the boundary condition in which the mean-square, end-to-end distance is equal to zero at the initial position, Eq. 4 becomes
where c is an arbitrary constant that is not fixed because the slope of the distance is not equal to zero at the initial position. This equation shows that the mean-square end-to-end distance depends on three components:
1. A normal component, which is linearly proportional to the genomic length, describes the normal dependence of the end-to-end distance of the polymer chain length similar to the distance pattern appeared in the random-walk motion;
2. A constriction component, which is proportional to the square of the genomic length, originates from the compartmentalization effect and determines the long tail in the contact frequency curve; and 3. A chain-persistence component that relaxes the directionality in determining the next position.
Langevin equation for the chromosome conformation model
Based on the random motion of a sphere under the spatial constraint of compartmentalization, Eq. 7 was derived. This ideal model ignores several real properties of chromosomes such as the entropic repulsion between spheres and various chromatin-looping mechanisms. Such real properties have been considered by introducing a scaling exponent (23, 36, 38) . Here, we also adjust the model by adding the scaling exponent v to Eq. 7 in an ad hoc manner, and we next apply the result to Eq. 1 to obtain the segment activity as a function of segment size:
This equation returns to Eq. 7 when a chromosome conformation follows the random-walk motion, where the scaling exponent is equal to 0.5. This model describes the relationship between the segment activity and the segment size by assuming that the segment activity is proportional to the segment's surface area. Due to the use of the scaling exponent, the explicit relationship between the proportional constants in Eq. 8 may change.
Contact frequency from segment activity function
In general, segment activity increases with increasing segment size. An equation is derived to convert the segment activity function into the contact frequency. Let us assume that there are three consecutive segments, s i , s j , and s k , with sizes n i , n j , and n k , respectively. The contact frequency C(n j ;s i , s k ) between two segments s i and s k that are separated by a genomic distance n j can be derived from the segment activity function by the following methods.
The contact frequency between two neighboring segments s i and s j can be described as
where the contact frequency between two individual segments reduces the segment activity of a combined segment, F(n i þ n j ), compared to a sum of individual segment activities. This equation can be easily extended to evaluate the contact frequency with a certain genomic gap:
By combining Eqs. 9 and 10, the contact frequency for two segments with a certain genomic gap is derived as
This conversion from a segment activity to a contact frequency function can be further clarified by substituting n j with the average genomic distance between two segments s i and s k as where g denotes the average genomic distance between two segments. From Eq. 12, we find that the contact frequency approaches to a quantity including a second derivative of the segment activity function as the genomic distance increases. This equation shows that the contact frequency is determined not only by the magnitude but also by the curvature of the segment activity curve.
Chromosome conformation capture
The chromosome conformation capture data for the human and fission yeast genomes were obtained from other studies (14, 15) . Kalhor et al. (15) reported 3C-based data for the human genome by applying an improved technique and suggested a population-based modeling method to build the genomewide chromosome conformation. Tanizawa et al. (14) studied the fission yeast genome and found long-range associations between genomic loci using a 3C-based technique. The 3C-based data used in this article are available from the National Center for Biotechnology Information (NCBI, National Institutes of Health, Bethesda, MD) Sequence Read Archive (SRA) under submission No. SRA025848 for the human genome and No. SRA020835 for the fission yeast genome. There are~49,000,000 paired reads for the human genome and 79,000,000 paired reads for the yeast genome.
In this work, the paired-end reads of the human genome were filtered in the following steps:
1. For each paired read, sequences from both sides were separately mapped to the genome (hg19) using the routine BOWTIE (39) with the option to allow fewer than three mismatches; the paired read was discarded if the genomic distance between two locations was <30 kb. 2. There are 825,083 HindIII restriction sites in the reference human genome if we regard two restriction sites as a single site when they are closer than 20 bp. The genomic locations obtained from the previous step were translated into new coordinates composed of the closest HindIII restriction site and the offset from that site. We discarded paired reads for which the offset was >100 bp. 3. The human genome was divided into 57,083 segments; each segment covered 50 kb of the genomic length. Because each restriction site belongs to a particular segment, each paired read gives contact information between two segments.
The fission yeast genome has 6932 HindIII restriction sites. The genome was divided into 608 segments, with each segment covering 20 kb. The paired reads for the fission yeast genome were filtered by following the above-described method for the human genome with a few differences.
Paired reads were discarded in the following cases:
1. The sequence of a paired read was aligned to multiple positions in the genome; 2. The offset from the restriction site was not equal to zero; or 3. The genomic distance between two sequences was <20 kb.
After applying the filtering method, 5,800,000 and 1,800,000 paired reads remained for the human and fission yeast genomes, respectively.
Contact frequency and segment activity
The genomes were divided into many labeled segments for error reduction and computational efficiency. The contact frequencies between segments were evaluated by counting the paired reads of sequences from 3C-based experimental data; a higher contact frequency value indicates that two segments are closer in the nucleus.
Additionally, we suggest the term ''segment activity'' to denote the total number of contacts between a genomic segment and all of its surroundings. The segment activity and contact frequency are closely related to each other.
Data fitting
Mean segment activities and mean contact frequencies were obtained from the experimental data. The mean segment activities were fitted using the NLFit module in the software ORIGIN (OriginLab, Northampton, MA) with the first two components in Eq. 8. The chain-persistence contribution was fitted using the mean contact frequencies because its contribution to the mean segment activity was very small whereas the contribution was large for the mean contact frequencies.
To fit the chain-persistence component, we used the following method:
1. The normal and constriction components in the mean segment activities were converted into contact frequencies using Eq. 12 and were subtracted from the mean contact frequencies. 2. The remainder after subtraction was fitted using the functional form of the chain-persistence component. 3. The contribution of the chain-persistence component to the mean contact frequencies was dominant for smaller segment sizes; thus, we used a segment size of 50 kb for the human genome and 20 kb for the fission yeast genome to fit the parameters for the chain-persistence contribution. 4. The mean contact frequency between nearest-neighbor segments on the DNA chain was dominated by the screening criterion for paired reads; thus, the contact frequency between nearest-neighbor segments was not used to fit the mean contact frequency curve. 5. When fitting the mean activity curves, we found a discontinuous function that could not be explained by the three components. The discontinuous function was linear with respect to genomic length, was small in magnitude, and did not contribute to the mean contact frequency curve; we therefore ignored the function during further analysis.
Physical distance from contact frequency
To verify the relationship between the segment activity and physical distance, we evaluated physical distances directly from the contact frequency map of the fission yeast genome using the Langevin equation for the chromosome conformation (LECC) model and compared the evaluated distances with experimental data. A contact frequency map is obtained from the yeast genome based on 20-kb segment size, and then normalized by the iterative correction method to adjust the map to have the equal segment activity for each genomic segment (30) . Physical distances between several genomic loci in interphase measured by FISH experiment were obtained from the Tanizawa et al. (14) . To obtain a contact frequency between each pair of genomic loci, we assign a block of genomic segments used
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Physical Origin of the Contact Frequencyin the frequency map into each genomic locus, where the segments contain or partly contain the genomic locus. For each pair of genomic loci, we evaluated an average contact frequency over all possible pairs between the blocks of genomic segments. The obtained contact frequencies were translated into physical distances by following steps:
1. The contact frequencies are converted into genomic distances using Eq. 12; 2. The genomic distances are converted into segment activities using Eq. 8; and 3. The segment activities are converted into physical distances by using RðnÞ ¼ RðHÞ ffiffiffiffiffiffiffiffiffiffi ffi FðnÞ FðHÞ s ;
where H denotes a unit separation between genomic segments. Here, we use 20 kb as the unit separation, which corresponds to the physical distance between the nearest genomic segments along single chromatids.
RESULTS

Mean segment activity
The human and fission yeast genomes are sectored into many sequentially labeled segments for analysis. Each segment is in contact with its surroundings, including other segments, nucleoli, the nuclear membrane, etc. Segment activities are evaluated by counting the total number of contacts of a segment with surrounding genomic segments. Thus, a segment with a larger size has a larger segment activity on average. In Fig. 2 , the mean segment activities are plotted according to the size of the segment. The segment activity curve shows a simple and smooth increase with the size.
The mean segment activity curves were fitted with a coefficient of determination (R 2 ) of 1.000 for both the human genome and the fission yeast genome. The magnitude of the segment activity is mainly determined by the normal component. The constriction component reduces the segment activity, and the magnitude of the component increases as the segment size increases. Overall, segment activity increases with segment size, but its second derivative is negative; this observation coincides with the fact that the physical distance between segments becomes saturated as the genomic distance increases (23, 38) . This negative value for the second derivative is related to the compartmentalization: a segment with a larger size has a greater probability of experiencing self-contact and contact with the nuclear periphery, reducing segment activity (41) .
The scaling exponent in Eq. 8 is a parameter to describe the folding state of the chromosomes. A more compact structure has a smaller scaling exponent. For example, the scaling exponent is 0.333 for a globular state and 0.5 for a randomwalk polymer. We obtained scaling exponents of 0.443 and 0.483 for the human genome and fission yeast genome, respectively. From these values, we find that both genomes form a more compact structure in comparison to the random-walk structure, and the degree of compaction is larger in the human genome than in the fission yeast genome.
Mean contact frequency
The contact frequency between two segments decreases as their genomic distance increases. Mean contact frequencies are obtained from the experimental data and plotted as circles in Fig. 3 , where a monotonically decreasing pattern is shown, as expected. The mean contact frequency curves are derived analytically from mean segment activity curves using Eq. 12. Pearson's correlation coefficients are 0.9996 for 50-kb segment size of the human genome and 0.9994 for 20-kb segment size of the yeast genome. Because the segment activity curve consists of three components, the mean contact frequency curve is also composed of three components: normal, constriction, and chain-persistence. As the genomic distance increases, both the normal and the chain-persistence components decrease whereas the constriction component increases, as illustrated in Fig. 1 B. In Table 1 , the sign of the proportional parameter c 3 is positive for the fission yeast genome whereas it is negative for the human genome, indicating that the chain-persistence component reduces the contact frequency for the human genome, although it increases the contact frequency for the yeast genome, as shown in Fig. 3 . The number of monomers per persistence length is obtained by fitting the chainpersistence portion in the mean contact frequency curves. The fission yeast genome has a persistence length approximately twofold longer than that of the human genome. 
Physical distance from contact frequency
In the LECC model, we assume that a segment activity is proportional to the mean-square end-to-end distance and suggest an equation for the relationship between the segment activity and the contact frequency. To confirm the LECC model, physical distances from experimental data are compared to the corresponding distances derived from contact frequencies. In Fig. 4 , the two quantities show a good correlation with 0.902 of Pearson's correlation coefficient. From the slope of the fitting line, a 20-kb genomic sphere requires 320-400 bp for 1-nm spatial movement in the fission yeast genome, which is three times larger than that for the budding yeast genome (110-150 bp/nm) (42) .
Segment size effect
For various segment sizes, we evaluate the mean contact frequencies from the experimental data and then derive the same quantities directly from the mean segment activity curves using Eq. 12. For each genome, the parameters obtained by fitting both the mean segment activity curve and the mean contact frequency curve with the minimum segment size were used to generate other mean contact frequency curves with larger segment sizes. In 
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Physical Origin of the Contact Frequencythe expected value due to the removal of paired reads with a genomic distance cutoff during the course of the preparation of the contact frequencies from the experimental data. For various segment sizes, the relative contributions of the three components to the mean contact frequency curves are shown in Fig. 6 . For the segment sizes >500 kb in the human genome, the overall shape of the mean contact frequency curve is primarily determined by the normal component, and the overall contribution of the other components is <25%. For the sizes <50 kb, the contribution of the chainpersistence component is comparable to the contribution of the normal component because of the large curvature of the chain-persistence curve. For the size of 200 kb, the contribution of the constriction component in the human genome is <5% whereas the contribution in the fission yeast genome is 90%. The rapid growth of the constriction component in the fission yeast genome is related to both the small nucleus size and the large surface contact between the chromosome and the nuclear periphery.
DISCUSSION
In this study, we suggested the use of the LECC model to help us understand the physical origin of the contact frequency. The primary assumption of the model is that the total number of contacts between a target segment and all of the surrounding segments is linearly proportional to the exposed surface area of the segment. In the model, we regarded a chromosome as a polymer composed of consecutive segments, and altered our representation of consecutive segments into a trajectory of a segment over time. We successfully derived this model from the Langevin equation, which we then applied to derive the physical distance between segments. An exact equation for converting the mean segment activity into a mean contact frequency was also presented. The model accurately fit both the mean contact frequencies and the mean segment activities obtained from chromosome conformation capture data. From the model, we established the relationship between the contact frequency and the physical distance between genomic loci.
The scaling exponent used in Eq. 8 is determined by the folding properties in the polymer models. Using the random loop model, Mateos-Langerak et al. (23) demonstrated that the scaling exponent is related to the looping probability such that more frequent loops between genomic loci reduce the scaling exponent. We obtain a smaller scaling exponent for the human genome than for the fission yeast genome, indicating that the human genome forms more loops than the fission yeast genome. We also obtain Kuhn lengths for both genomes from the chain-persistence component. The number of monomers per Kuhn length in the human genome is 110 kb, which is fivefold larger than that of the chromatin fibers reported in a previous study (which ranged from 14 to 46 kb) (43) . Because the Kuhn length obtained in our model is related to the spatial movement of the genomic segments, the length is different from the ordinary Kuhn length of the chromatin fibers. The chromatin fibers of mice at meiotic prophase were found to form small loops of <200 kb (44) . The measure 110 kb is close to the size of chromatin loops in interphase chromosomes and is also a low-frequency rhythm of GC content along the genome (45) (46) (47) . The loop size was used to simulate human chromosomal characteristics in the MLS model (27) . The 110-kb genomic length from the chain-persistence component lowers the contact frequency of the human genome compared to the overall contact frequency pattern, supporting existence of small loops in the MLS model in the interphase chromosome because contact probability between genomic loci in the same loop will be low. The Kuhn length of the yeast genome is estimated to be twofold longer than that of the human genome.
In the reported biphasic relationship of physical distance between genomic loci, the mean-square end-to-end distance between segments of G 0 /G 1 -phase human nuclei followed the random coil model in the range from zero to 2.0 Mb with the scaling exponent close to 0.5; the distance followed the fractal globule model in the region >10 Mb with an exponent of~0.33 (25, 26 ). In our model, both the low contribution of the constriction component and the large contribution of the chain-persistence component increase the scaling exponent of the human genome to approach the random-walk model at a small genomic distance region, whereas the large contribution of the constriction component at the large genomic distance region decreases the scaling exponent to approach the fractal globule model. Another characteristic of chromosome conformation is the relationship between the contact frequency and the genomic distance. The scaling exponent of the relationship was experimentally measured to be À1.08 (11, 25) . We find that the relationship between the contact frequency and genomic distance changes according to the used segment size. For the 1-Mb segment size, the dominant component for the mean contact frequency curve in the human genome is the normal component. Based on the equation stating that the mean contact frequency can be approximated to the second derivative of the mean segment activity function, the scaling exponent is approximately equal to 2v À 2 (À1.1 for the human genome), which coincides with the experimental value.
The contribution of the chain-persistence component to the contact frequencies increases for smaller segment sizes. This contribution is comparable to that of the normal component for small segment sizes. In the wormlike chain model, the contribution always decreases the mean-square end-to-end distance, which reduces the contact frequencies, because the direction of the contribution is fixed by the additional boundary condition requiring that the first derivative of the square distance be equal to zero at an initial position (36) . However, in our model, the direction of the contribution varies with species. The component in the yeast genome increases the contact frequency whereas this component decreases the contact frequency in the human genome.
In our model, each segment in a chromosome experiences a force that draws both ends of the segment closer together. This force shortens the physical distance between segments with a long genomic distance and is assumed to be caused by chromosome compartmentalization. The proportional constant representing the force in the human genome is orders-of-magnitude lower than in the fission yeast genome, which coincides with the fact that the segments in the fission yeast genome are confined to a smaller space than those in the human genome (a nucleus radius of 5 mm for the human genome (15) and 0.71 mm for fission yeast (14)).
We compared experimentally measured physical distances between genomic loci with the distances derived from contact frequencies using the LECC model. Two quantities show a good correlation, indicating that the LECC model properly captures the characteristics of chromosome conformation. The line density of the fission yeast genome is three times larger than that of the budding yeast genome.
There are two possible reasons for the difference:
1. Chromosomes of the fission yeast are confined in a small nucleus compared to the budding yeast, and 2. We used 20-kb genomic distance for measuring the density, which increases the line density of the fission yeast chromatids because average density increases as the genomic length increases.
The agreement of the LECC model with the experimental results supports the hypothesis that the physical concept used in this model is valid. In the large-scale chromosomal organization, we found that the mean contact frequency curve consists of three components: normal, constriction, and chain-persistence. We suggested a physical origin for each component. The normal component is related to the normal folding characteristics of chromatin and is similar to a random-walk motion without an external force. The constriction component arises from compartmentalization and reduces the physical distance between the segments. The chain-persistence component is related to the properties of the contact between closely located segments and formation of small chromatin loops.
Furthermore, we suggested a method for converting the segment activities into contact frequencies. The conversion was accomplished using an exact equation, which was applied to evaluate contact frequencies between segments of various sizes. The model successfully explained the experimentally verified relations: the biphasic relation of the mean-square end-to-end distance, the segment activity, Biophysical Journal 105(8) 1786-1795 and the contact frequency as a function of genomic distance (11, 26) .
Additionally, the physical distances derived from contact frequencies have a good correlation with those from experiment. Interestingly, the LECC model was developed based on the assumption that the contact frequency is proportional to the contact surface area, not the contact volume, which was suggested in the fractal globule model (25) . Understanding the physical origins of the contact frequency will provide a rational way to normalize the contact frequency map, which determines both the quality of long-range interactions revealed by chromosome conformation capture data and the quality of further analysis for assembling a threedimensional structure of the genome inside a nucleus.
